Animal models indicate that endocrine disrupting chemicals (EDCs) affect circulating lipid concentrations by interfering with hepatic fatty acid oxidation. Little is known of the relationship between EDC exposure and lipid profile in humans. We measured bisphenol A (BPA) and 9 phthalate metabolites in maternal urine collected at up to three time points during pregnancy as a measure of in utero exposure, and in the child's urine at 8-14 years as a measure of concurrent, peripubertal exposure among 248 participants of a Mexico City pre-birth cohort. We used linear regression to examine relations of BPA and phthalate exposure with peripubertal serum lipids, while also adjusting for child age, sex, and specific gravity. While in utero EDC exposure was not associated with lipid profile, higher concurrent levels of mono-3-carboxypropyl phthalate (MCPP), monoethyl phthalate (MEP), and dibutyl phthalate metabolites (DBP) corresponded with lower total cholesterol and lowdensity lipoprotein (LDL-C) in boys; e.g., an interquartile range increment in MCPP corresponded with 7.4% (2.0%, 12.8%) lower total cholesterol and 12.7% (3.8%, 21.6%) lower LDL-C. In girls, higher urinary di-2-ethylhexyl phthalate metabolites (ΣDEHP) correlated with lower LDL-C (−7.9% [−15.4%, −0.4%]). Additional longitudinal research is needed to determine whether these associations persist beyond adolescence.
Introduction
Reflecting the childhood obesity epidemic, dyslipidemia -a leading cardiovascular risk factor characterized by high circulating triglycerides, total cholesterol, and low-density lipoprotein (LDL-C), and low high-density lipoprotein cholesterol (HDL-C) -affects approximately 20% of children and adolescents in the U.S. (Kit et al., 2015 ; American Academy of Pediatrics, 2011) , and up to 50% of youth in Mexico (Yamamoto- Kimura et al., 2006; Posadas-Sanchez et al., 2007) . These statistics are alarming as pediatric dyslipidemia is a strong independent determinant of future cardiovascular and metabolic disease risk (Juonala et al., 2008) .
Endocrine disrupting chemicals such as bisphenol A (BPA) and phthalates, found in food packaging materials, personal care products, pesticides, and many other consumer products, have been implicated in obesity-related metabolic disturbances like chronic inflammation and dysregulated glucose homeostasis (Grun and Blumberg, 2009) . Animal models have shown that in utero (Bell, 1982; Hayashi et al., 2011) and concurrent (Moghaddam et al., 2015) exposure to BPA and phthalates alter the circulating lipid profile by interfering with hepatic fatty acid metabolism. Yet, the human literature is limited to a handful of cross-sectional studies in adults that have yielded inconsistent results (Olsen et al., 2012; Jia et al., 2014; Yaghjyan et al., 2015; James-Todd et al., 2016) . Furthermore, findings from adult populations offer little preventive insight given that many cardiovascular risk factors, including dyslipidemia, are established early in the life course and continue into adulthood (Webber et al., 1991) .
Metabolic processes are most vulnerable to environmental pertur-bations during developmental stages characterized by hormonal fluctuations and rapid maturation of organ systems -namely, the perinatal period (Sadler, 2000; Selevan et al., 2000) and puberty (Hoyt and Falconi, 1982; Dietz, 1994) . Therefore, understanding the potential impact of EDCs during these timeframes on lipid profile will directly inform public health prevention and intervention efforts. In this study, we sought to examine relations of in utero and peripubertal exposure to BPA and phthalates with serum triglycerides, total cholesterol, LDL-C, and HDL-C among 248 youth 8-14 years of age in Mexico City, Mexico, a transitioning setting afflicted not only by high exposure to chemical toxicants (Lewis et al., 2013) , but also, disproportionately high rates of obesity and obesity-related metabolic aberrances (Rivera et al., 2014; OECD, 2014 ; Food and agriculture organization FAO of the United Nations, 2013). Considering that serum lipid concentrations track from childhood into adulthood (Webber et al., 1991) , elucidating the potential impact of environmental toxicants on lipid profile early in the life course is critical to developing interventions that have potential to benefit long-term cardiovascular and metabolic health.
Materials and methods

Study population
This study included participants from two of three cohorts comprising the Early Life Exposure in Mexico to Environmental Toxicants (ELEMENT) Project, a longitudinal cohort study of pregnant women and their offspring in Mexico City, Mexico. Study participants were recruited from public maternity hospitals in Mexico City between 1997 and 2004 during the first trimester of pregnancy (Lewis et al., 2013; Hu et al., 2006) . Mothers provided a urine sample and completed interview-based questionnaires at up to three time points across pregnancy. In 2010, we re-contacted a subset of their offspring (n=250) who were then 8-14 years of age based on availability of archived prenatal biospecimens to participate in follow-up studies.
At the in-person research visits in 2010, the children filled out an interview-based questionnaire, and provided urine and serum samples. Trained research assistants measured anthropometry, including weight and height. Our study sample included 248 mother-child pairs with adequate maternal urine collected during pregnancy or child's urine during peripuberty for quantification of the EDCs, and adequate serum volume from the child during peripuberty for the serum lipid profile assays (n =227 with maternal urine and peripubertal lipid data; n=240 with concurrent urine and peripubertal lipid data). The institutional review boards of the Mexico National Institute of Public Health and the University of Michigan approved research protocols. Maternal informed consent and child assent were provided for all participants.
Covariates
Upon enrollment, mothers reported on age, pre-pregnancy weight and height, smoking history, and sociodemographic characteristics. At in-person research visits that took place when the children were 8-14 years, we obtained updated sociodemographic information from the mothers. A pediatrician assessed each child to determine Tanner stage for genital (boys), breast (girls), and pubic hair (both) development. For this analysis, we dichotomized pubertal status as prepubertal vs. pubertal: boys were considered pubertal if they received an assessment of Tanner stage > 1 for genital or pubic hair development, and girls were considered pubertal if they received an assessment of Tanner stage > 1 for breast or pubic hair development (Watkins et al., 2015) .
Exposures: urinary BPA and phthalate concentrations
Our exposures of interest were BPA and 9 phthalate metabolites measured in maternal urine collected during the first, second, and third trimesters of pregnancy ("in utero" exposure), and in child's urine at 8-14 years of age ("concurrent" or "peripubertal" exposure). All assays were carried out at NSF International (Ann Arbor, MI, USA) using high performance liquid chromatography and tandem mass-spectrometry methods described in detail elsewhere (Lewis et al., 2013; Silva et al., 2007) .
We quantified concentrations of BPA and 9 phthalate metabolites including: monoethyl phthalate (MEP), mono-n-butyl phthalate (MnBP), mono-isobutyl phthalate (MiBP), monobenzyl phthalate (MBzP), mono-3-carboxypropyl phthalate (MCPP), mono-2-ethylhexyl phthalate (MEHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP), and mono-2-ethyl-5-carboxypentyl phthalate (MECPP). These compounds are of particular interest to the ELEMENT cohort due to their known endocrine-disrupting activities and established association with other metabolic risk factors this population (Watkins et al., 2015 (Watkins et al., , 2014 . To assess overall in utero exposure, we calculated geometric mean (GM) BPA and phthalate metabolite concentrations for each individual using measurements from each trimester as we have found that this approach provides a more robust measure of exposure for short-lived toxicants, like BPA and phthalates (Ferguson et al., 2014a; Chen et al., 2015) . However, to investigate potential windows of susceptibility during the perinatal period, we also examined associations of trimester-specific EDC concentrations with serum lipids in sensitivity analyses.
For di-2-ethylhexyl phthalate metabolites (ΣDEHP), we calculated a summary score by adding the molar sums for MEHP, MEHHP, MEOHP, and MECPP. Likewise, we created a summary score for dibutyl phthalate metabolites (ΣDBP) as the molar sum of MnBP and MiBP. As we have previously done (Watkins et al., 2015) , we used these scores in the analysis rather than their component metabolites to reduce the possibility of false positive associations. Values below the limit of detection (LOD) were calculated as LOD/√2. Urinary specific gravity, an indicator of urine dilution, was measured at the time of sample analysis using a handheld digital refractometer (Atago Co., Ltd., Tokyo, Japan).
Outcomes: serum lipids during peripuberty
We measured total cholesterol, triglycerides, and high density lipoprotein cholesterol (HDL-C) in peripubertal fasting serum samples (mg/dL) using a biochemical analyzer (Cobas Mira Plus, Roche Diagnostics), and calculated low density lipoprotein cholesterol (LDL-C) as: Total cholesterol -HDL-C -(Triglycerides/5). We also considered assessing the prevalence of dyslipidemia using proposed cut-offs for pediatric populations (American Academy of Pediatrics, 2011), but due to the small number of children with abnormal lipid levels (n=15 for total cholesterol ≥200 mg/dL; n=50 for triglycerides ≥100 for children < 9 years or ≥130 mg/dL for children 10-19 years; n =4 for LDL-C≥130 mg/dL, and n=10 for HDL-C < 40 mg/dL) (American Academy of Pediatrics, 2011), we examined the lipids continuously.
Statistical analysis
First, we examined the distribution of each lipid across categories of sociodemographic and perinatal characteristics to identify potential confounders. For ordinal variables, like categories of maternal age at enrollment, maternal education, and child's BMI z-score during peripuberty, we conducted a test for linear trend where the ordinal indicator for the characteristic of interest was entered into the model as a continuous variable. For binary variables, such as mother's marital status, offspring sex, and offspring pubertal status, we used the Wald test to assess for a pairwise difference. Due to non-normal distributions, we natural log-(ln)-transformed all BPA and phthalate metabolites, as well as serum HDL-C and triglycerides. Next, to evaluate for non-linear associations, we examined associations of quartiles of urinary concentrations of maternal and peripubertal urinary BPA and phthalate metabolites with each lipid using linear regression. Since associations were monotonic across quartiles, we assessed phthalates and BPA continuously to maximize power, and present results as a % difference in each lipid per interquartile range (IQR) increment in the EDC of interest as we have done in prior publications (Watkins et al., 2015) . In multivariable analyses, we adjusted for urinary specific gravity and child's sex and age, followed by further adjustment for pubertal status. Accounting for body mass index (BMI) z-score according to the World Health Organization (WHO) growth reference (de Onis et al., 2007) did not markedly change the results, thus we did not include it in our models because it is likely an intermediate variable on the causal pathway between EDC exposure and serum lipid concentrations and adjusting for it could introduce bias into the estimate of association. We also tested for effect modification by sex and pubertal status, and conducted stratified analysis where necessary (P-interaction < 0.05).
To assess for residual confounding by age, we carried out the analysis with age-and sex-standardized lipid z-scores using data from children 5-16 years in the National Health and Nutrition Examination Survey (NHANES) III (US Department of Health and Human Services, 1994) as the reference population. Using the lipid z-scores yielded similar results (data available upon request); thus, we present findings for the original lipid variables for ease of interpretability. We performed all analyses using SAS 9.4 (Cary, NC, USA).
Results
At the peripubertal research visit, median age was 10.0 years (range: 8.1, 14.7); 47.2% were boys. Mean ± SD total cholesterol was 155.2 ± 28.4 mg/dL, HDL-C was 58.7 ± 11.9 mg/dL, LDL-C was 79.0 ± 23.2 mg/dL, and triglycerides was 87.5 ± 44.4 mg/dL.
When we parameterized lipid levels according to the American Academy of Pediatrics' proposed definition of dyslipidemia for pediatric populations (American Academy of Pediatrics, 2011), 6.1% had abnormal total cholesterol (≥200 mg/dL), 16.5% had abnormal triglycerides (≥100 for mg/dL for children < 9 years; ≥130 mg/dL for children 10-19 years), 4.0% had abnormal HDL-C ( < 40 mg/dL); and 1.6% had abnormal LDL-C (≥130 mg/dL).
In bivariate analyses (Table 1) , girls had on average 8.2 ± 3.6 mg/ dL higher total cholesterol, 6.4 ± 2.9 mg/dL higher LDL-C, 19.9 ± 5.5 mg/dL higher triglycerides, and 2.2 ± 1.5 mg/dL lower HDL-C than boys. BMI z-score during peripuberty was positively associated with total cholesterol (P-trend=0.003), LDL-C (P-trend=0.0004), and triglycerides (P-trend < 0.0001), and inversely associated with HDL-C (Ptrend=0.0001). Among girls, more advanced puberty was associated with lower total cholesterol, HDL-C, and LDL-C, and higher triglycerides (Table 1) .
In multivariable analysis, we accounted for urinary specific gravity, as well as child's sex and age. We did not observe consistent or significant associations of geometric mean maternal urinary EDC concentrations across all of pregnancy with peripubertal lipid profile (Table 2) , nor did we find evidence of effect modification by sex or pubertal status (all P-interaction > 0.10). Results were similar when we considered trimester-specific BPA and phthalate concentrations (Table  S1 ). However, we detected sex-specific associations with respect to concurrent exposure. Table 3 shows the % difference in lipids per interquartile range (IQR) increment in each EDC. In boys, MCPP, MEP, and ΣDBP were each inversely related to total cholesterol and LDL-C, and MBzP was positively associated with HDL-C. For example, an IQR difference in MCPP was associated with 7.4% (95% CI: 2.0%, 12.8%) lower total cholesterol and 12.7% (95% CI: 3.8%, 21.6%) lower LDL-C, with similar associations observed for MEP and ΣDBP (Table 3) . On the other hand, an IQR difference in MBzP corresponded with 6.6% (95% CI: 0.2%, 13.5%) higher HDL-C. In girls, higher ΣDEHP corresponded with lower LDL-C (−7.9% [95% CI: −15.4%, −0.4%] per IQR ΣDEHP).
Adjusting for pubertal status did not materially change the direction, magnitude, or precision of results. As compared to estimates in Table 3, 
Discussion
In this study of Mexican youth aged 8-14 years, in utero BPA and phthalate exposure was not associated with lipid profile during peripuberty. However, among boys, concurrent urinary levels of MCPP, MEP, and ΣDBP were each inversely related to total cholesterol and LDL-C; and MBzP was positively associated with HDL-C. In girls, higher concurrent urinary ΣDEHP concentrations corresponded with lower LDL-C.
Comparison of urinary EDC to other populations
In utero and peripubertal urinary EDC concentrations in the present analysis were similar to those reported in a previous publication that involved a subset of the participants (Lewis et al., 2013) and an analysis of girls (Watkins et al., 2014) , both which also included a detailed comparison of analyte concentrations in the ELEMENT cohort to those of other populations (Lewis et al., 2013) . In brief, urinary BPA during the 3rd trimester, as well as the geometric mean of BPA across all of pregnancy, were comparable to those observed in Chinese adults (He et al., 2009 ) and pregnant Spanish women (Casas et al., 2013) . Urinary concentrations of phthalates during pregnancy were also similar to those of U.S. adults, except for lower MBzP (geometric mean across pregnancy in ELEMENT: 245 ng/mL in ELEMENT vs. 959 ng/ mL in adults ≥20 years in NHANES 2009-2010) (Centers for Disease Control and Prevention CDC, 2013). Additionally, we found similar urinary concentrations of phthalate metabolites to those reported for pregnant Israeli women during the 3rd trimester, except for MEP, which was higher in our study (geometric mean across pregnancy in ELEMENT: 235 ng/mL, ELEMENT 3rd trimester: 375 ng/mL, Israeli women 3rd trimester: 202 ng/mL) (Berman et al., 2009 ). In the children during peripuberty, urinary BPA and phthalate concentrations were similar to combined values reported for 6-11 year-old boys and girls in NHANES 2009-2010 (Centers for Disease Control and Prevention CDC, 2013), except for MBzP, which was lower in this study (ELEMENT boys: 7.4 ng/mL, ELEMENT girls: 9.5 ng/mL, U.S. boys and girls: 11.6 ng/mL).
Comparison of serum lipids during peripuberty to other populations
In comparison to a recent study of trends in serum lipids among children and adolescents 8-17 years in the U.S., prevalence of dyslipidemia in the ELEMENT population was lower: 6.1% vs. 7.8% with high total cholesterol, 4.0% vs. 12.8% with low HDL-C, and 1.6% vs. 8.4% with high LDL-C (Kit et al., 2015) . Similarly, youth in our population had lower mean values for total cholesterol (155.2 vs. 160.3 mg/dL), triglycerides (87.5 vs. 57.8 mg/dL), and LDL (79.0 vs. 91.5 mg/dL), and higher HDL (58.7 vs. 52.2 mg/dL) as compared to 6-10 year old children in Project Viva, a Boston-area cohort (Perng et al., 2016 ). When we compared lipid profile of the ELEMENT population to that of adolescents attending public junior high schools in Mexico City (Posadas-Sanchez et al., 2007) , we observed comparable serum levels of total cholesterol, but higher HDL-C (59.3 vs. 43.9 mg/ dL for boys, 57.6 vs. 44.9 mg/dL for girls) and lower LDL-C (75.9 vs. 91.6 mg/dL for boys, 81.9 vs. 96.3 mg/dL for girls) in both sexes, and lower triglycerides among boys only (77.0 vs. 87.7 mg/dL).
Associations of in utero and concurrent EDC exposure to lipid profile during peripuberty
Our finding that several phthalates were inversely associated with total cholesterol and LDL-C aligns with a longstanding animal literature. Three decades ago, Bell observed that dietary administration of DEHP inhibited cholesterolgenesis and decreased blood lipid levels in multiple animal species (Bell, 1982) . More recent rodent models (Hayashi et al., 2011; Nakashima et al., 2013) suggest that the hypolipidemic effect of DEHP may arise through its interactions with peroxisome proliferator-activated receptor-α (PPAR-α), a ligand-activated transcription factor that can decrease production of LDL-C and triglycerides, and upregulate HDL-C levels through its roles in lipid oxidation and fatty acid synthesis (Kimura et al., 2011; Colin et al., 2013) . Likewise, our finding that higher peripubertal MEP was associated with lower total cholesterol and LDL-C could be explained by the fact that MEP is an estrogenic compound that may act as a Prepubertal and pubertal were defined as Tanner stage ≤1 and > 1, respectively, for genital or pubic hair development in boys, and for breast or pubic hair development in girls.
Table 2
Associations of geometric mean maternal urinary BPA and phthalate concentrations across pregnancy ("in utero" exposure) with offspring serum lipid levels at 8-14 years among ELEMENT mother-child pairs (n=227).
% Difference (95% CI) in serum lipid levels during peripuberty Maternal urinary concentrations PPAR-γ agonist (Guven et al., 2016) to reduce circulating lipid levels by promoting uptake and storage of free fatty acids in adipose tissue (Laplante et al., 2007) . So far, investigations of phthalate exposure and circulating lipids in humans are scant and have focused on cross-sectional relationships of DEHP metabolites in rather specific adult populations. For example, higher serum MEHP, a phthalate metabolite indicative of ambient DEHP exposure, was associated with lower LDL-C in 1016 elderly Swedes (Olsen et al., 2012) . Likewise, higher serum MEHP was associated with lower triglycerides, as well as lower levels of several fatty acid components, including palmitic, oleic, linoleic, and alphalinoleic acids in 318 pregnant Japanese women (Jia et al., 2014) . On the other hand, a recent study of 1702 U.S. women in NHANES 1999 NHANES -2004 found that urinary concentration of several DEHP metabolites was not associated with serum lipid profile (Yaghjyan et al., 2015) . Yet, another analysis of 2719 adults in NHANES 2001-2010, which aimed to explore relations of urinary phthalates with metabolic syndrome, revealed that higher MBzP and ΣDEHP corresponded greater odds of hypertriglyceridemia (serum triglycerides > 150 mg/dL), particularly among women (James-Todd et al., 2016) . The conflicting findings may be attributed, at least in part, to exposure misclassification as a result of use of different tissues to assess phthalate exposure -namely urine (Yaghjyan et al., 2015; James-Todd et al., 2016) and serum (Jia et al., 2014 ) -although research in adults indicates moderate to strong correlations between phthalate concentrations in the two tissue types (i.e. R 2 of 0.45-0.90 for DEHP and DEP metabolites) (Kato et al., 2004; Hogberg et al., 2008; Hines et al., 2009; Frederiksen et al., 2010) , and inconsistent parameterization of the lipids as continuous (Jia et al., 2014; Yaghjyan et al., 2015) vs. dichotomous outcomes (James-Todd et al., 2016) . The limited, discrepant, and predominantly adult literature emphasizes the need for more studies examining associations of serum lipids with a broader range of phthalates in diverse populations. Another explanation for our findings relates to tempo of maturation. During puberty, circulating levels of many lipids decrease (Mascarenhas et al., 2015; Eissa et al., 2016) . Therefore, the inverse relations of MCPP, MEP, and ΣDBP with total cholesterol and LDL-C in boys could be driven by pubertal status. In this population, we previously found that peripubertal urinary concentrations of ΣDBP metabolites MnBP and MiBP, and to a lesser extent MEP, correlated with more advanced puberty in boys based on testicular volume (Ferguson et al., 2014b) . Likewise, the inverse relationship between ΣDEHP and LDL-C in girls aligns with an earlier analysis in ELEMENT which revealed a non-significant but consistent relations of peripubertal ΣDEHP metabolites MEHHP, MEOHP, and MECPP with greater odds of pubarche, thelarche, and menarche (Watkins et al., 2014) . Thus, although adjustment for pubertal status did not change our results, we cannot rule out the possibility of residual confounding by sexual maturation.
Of note, we did not observe any relationship between in utero EDC exposure and peripubertal lipid profile, which was unexpected in light of previous findings in this population that perinatal exposure to BPA and certain phthalates influenced several biomarkers of metabolic homeostasis during peripuberty (Watkins et al., 2015) . However, a recent rodent study found that in utero exposure to environmentallyrelevant levels of BPA resulted in higher fat mass at birth, as well as altered expression of several genes involved in hepatic lipid metabolism at the time of weaning (which roughly corresponds with the age of our study participants), but no differences in circulating lipids (Somm et al., 2009) . It is possible that EDCs induce upstream physiological alterations that may not manifest in circulating biomarkers until later in the life course -a prospect that deserves additional investigation as the ELEMENT youth transition into adulthood.
Strengths of this study include our ability to examine the potential effects of BPA and phthalate exposure during two sensitive periods for metabolic programming on peripubertal lipid profile, and our ability to account for physician-assessed pubertal status and evaluate for differences by sex. Limitations of this study include the relatively small sample size, the cross-sectional peripubertal analysis which precludes our ability to infer on temporality or causality, and potential exposure misclassification.
Conclusions
In summary, while in utero EDC exposure was not related to lipid profile during peripuberty, we observed sex-specific associations with respect to concurrent phthalate exposure. Specifically, in boys, higher urinary levels of MCPP, MEP, and ΣDBP at 8-14 years was related to lower total cholesterol and LDL-C, while MBzP was associated with higher HDL-C. In girls, higher urinary ΣDEHP correlated with lower LDL-C. Although the effect sizes we observed were relatively small (i.e., differences of −11.3 to −8.6 mg/dL for total cholesterol, −9.6 to −7.5 mg/dL for LDL, 6.6 mg/dL for HDL among boys; difference of −6.5 mg/dL of LDL in girls), they may be relevant in the long term given that even a 1 mg/dL increment in LDL at 11 years of age was found to predict nearly two times higher odds of metabolic syndrome in young adulthood among Bogalusa Heart Study participants (Camhi et al., 2010) . Nevertheless, considering that adolescence is a time of rapid physiological change and high within-person variability in metabolic parameters -including circulating lipid levels (Haney et al., 2007) -additional studies are warranted to investigate whether our findings that concurrent exposure to certain phthalates are associated with a more favorable lipid profile persists beyond adolescence.
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